Bone modeling is the central system controlling the formation of bone including bone growth and shape in early development, in which bone is continuously resorbed by osteoclasts and formed by osteoblasts. However, this system has not been well documented, because it is difficult to trace osteoclasts and osteoblasts in vivo during development. Here we showed the important role of osteoclasts in organogenesis by establishing osteoclast-specific transgenic medaka lines and by using a zebrafish osteoclast-deficient line. Using in vivo imaging of osteoclasts in the transgenic medaka carrying an enhanced GFP (EGFP) or DsRed reporter gene driven by the medaka TRAP (Tartrate-Resistant Acid Phosphatase) or Cathepsin K promoter, respectively, we examined the maturation and migration of osteoclasts. Our results showed that mononuclear or multinucleated osteoclasts in the vertebral body were specifically localized at the inside of the neural and hemal arches, but not at the vertebral centrum. Furthermore, transmission electron microscopic (TEM) analyses revealed that osteoclasts were flat-shaped multinucleated cells, suggesting that osteoclasts initially differentiate from TRAP-positive mononuclear cells residing around bone. The zebrafish panther mutant lacks a functional c-fms (receptor for macrophage colony-stimulating factor) gene crucial for osteoclast proliferation and differentiation and thus has a low number of osteoclasts. Analysis of this mutant revealed deformities in both its neural and hemal arches, which resulted in abnormal development of the neural tube and blood vessels located inside these arches. Our results provide the first demonstration that bone resorption during bone modeling is essential for proper development of neural and vascular systems associated with fish vertebrae.
Introduction
In ontogenesis, bone modeling is the central system controlling the formation of bone including bone growth and shape in early development, which system allows the formation of new bone at one site by osteoblasts and the removal of old bone from another site by osteoclasts within the same bone (Bard, 1990; Frost, 1990; Seeman, 2003) . Osteoclasts, which express crucial molecules such as tartrateresistant acid phosphatase (TRAP) and cathepsin K (CTSK) (Boyle et al., 2003) , regulate the shape of bone; since TRAP-and CTSK-deficient mice showed modeling deformities and osteopetrosis, respectively, due to defective osteoclast resorption activity (Hayman and Cox, 2003; Hayman et al., 1996; Saftig et al., 1998) . In the in vitro analysis, the macrophage like osteoclast progenitors that are driven (Takeshita et al., 2000) by macrophage colony-stimulating factor (M-CSF) from bone marrow or spleen cells are differentiated into TRAP + and CTSK + mononuclear osteoclasts, and then into multinucleated osteoclasts by cell fusion (Boyle et al., 2003; Takeshita et al., 2001) . Regarding mammalian bone modeling during skull growth for enveloping the brain tissue (Fong et al., 2003) , thickness of the skull bone is regulated by a balance between osteoclastic activity on the endocranial surface and osteoblastic activity mainly on the ectocranial surface, indicating the collaboration between brain growth and cranial bone size in early development (Hayman and Cox, 2003; Rice et al., 1997) . Accordingly, the bony skeleton is a remarkable organ that serves the structural function in providing support for the enveloped organs and tissues such as spinal cord, blood vessels, and muscle. Especially in the vertebrae, the dorsal arches (neural arches) form the neural canal through which the spinal cord passes, while the ventral arches (hemal arches) form the hemal canal for the passage of major blood vessels. In zebrafish, although the vertebrae increase in size and change shape by enlarging the diameters of the neural canal and hemal canal during bone modeling, interestingly the diameter of the notochord does not change throughout life (Witten et al., 2001) . During vertebral growth, the resorption of the hard tissue (bone) by osteoclasts plays an important role; however, the properties and functions of osteoclasts in the bone modeling process remain unknown, because it is difficult to distinguish the modeling process from the remodeling one in mammals, in which osteoclasts are involved in both membranous ossification and endochondral ossification (Boyce and Xing, 2008) .
Considering an effective model organism for studying bone modeling, easy observation and the ability to trace osteoclasts in vivo during early developmental stages are important aspects. Meeting these criteria, the medaka is a genetically accessible vertebrate having an optically clear embryo permitting high-resolution in vivo imaging (Inohaya et al., 2007) . In addition, based on the histological analysis, we earlier reported that osteoclasts are localized along the inner aspects of the neural and hemal arches of the vertebral bones throughout development (Nemoto et al., 2007) . These cells may function in bone modeling specifically, because bone marrow cells that are typically involved in bone remodeling in mammals do not exist in fish (Witten et al., 2001; Witten and Huysseune, 2009 ).
In addition, to investigate the effect of osteoclasts on organogenesis, we examined a mutant fish showing a defect in osteoclastogenesis, i.e., the zebrafish mutant panther, which has a mutation in the zebrafish orthologue of the mammalian c-fms gene, which encodes the receptor of M-CSF (Herbomel et al., 2001; Parichy et al., 2000) . In a previous study, c-fms deficient mice were shown to have osteoclast deficiency followed by osteopetrosis (Dai et al., 2002) . The zebrafish panther mutant has been already demonstrated to have pigmentation defects, as the most striking abnormality, indicating a unique role for c-fms in these neural crest-derived cells in zebrafish. Interestingly, however, it has not been reported that panther mutants exhibit skeletal anomalies; although the c-fms gene is also expressed in zebrafish osteoclasts, and a quantitative defect in the osteoclast number is observed during fin regeneration in panther (Parichy et al., 2000) .
In this present study, we imaged osteoclasts in vivo during fish bone modeling. This is the first report on specific osteoclast behaviors in vivo; e.g., we observed the emergence of osteoclasts, and their disappearance due to apoptosis. Moreover, we demonstrated that a deficit of osteoclasts impaired the organogenesis of the neural tube and blood vessels, indicating the importance of bone modeling by osteoclasts for the proper development of other organs. Therefore, our study is the first to show experimentally the importance of bone modeling in different types of organogenesis.
Materials and methods

Fish strains and maintenance
Cab, an inbred wild-type strain of the medaka (O. latipes), was used throughout this study. The fish were kept under a photoperiod of 14 h light/10 h darkness at 28°C. Eggs were obtained by random crossing and kept at the same temperature. Embryos were incubated at 30°C after collection, and staged (Iwamatsu, 2004) . After hatching, the larvae were incubated at room temperature. Zebrafish were reared under standard conditions (28°C, 14 h light/10 h darkness). Embryos were able to eat dry food, on which larvae and adults were maintained exclusively. The mutant allele fmsj4 blue (fms blue ) of zebrafish was described previously (Parichy et al., 2000) . The fms blue zebrafish is recessive homozygous and viable, and is predicted to encode a protein with substitution in the functionally important and phylogenetically conserved kinase domain; thus it is likely to bear loss-of-function alleles (Parichy et al., 2000) .
Generation of DNA constructs
Cathepsin K promoter-DsRed Express (CTSK-DsRed)
For generating the osteoclast-specific transgenic medaka, a 3-kb upstream regulatory region of the medaka cathepsin K gene was amplified by using the following primers: Cathepsin K P F-sma, 5′-TCCCCCGGGGGAGCTTCCACTGTCCTCACATCC-3′, and cathepsin K P R-bam, 5′-CGGGATCCCGAGCTGGAAAAGAAAACACTGACG-3′.
The amplified fragments were cloned into the TA cloning vector. We then digested the 5′-half fragment with XhoI and BamHI, and subcloned it into the XhoI/BamHI site of the I-SceI backbone vector, which was subsequently inserted into DsRed-Express/SV40polyA (Clontech) at the XhoI/AflII sites in a pBSKI2 vector (AMAGEN).
Cathepsin K promoter-EGFP (CTSK-GFP)
The above amplified fragment was cloned into the TA cloning vector. We then digested the 5′-half fragment with XhoI and BamHI, and subcloned it into the XhoI/BamHI site of the I-SceI (Thermes et al., 2002) backbone vector, which was thereafter inserted into EGFP/SV40polyA (Clontech) at the HindIII/AflII sites in a pBSKI2 vector (AMAGEN).
TRAP promoter-EGFP (TRAP-GFP)
A 3-kb upstream regulatory region of the medaka TRAP gene was amplified using the primers TRAP pro F-HindIII, 5′-CCCAAGCTTGG-GTCGCACTCTGGATACAACAGC-3′, and TRAP pro R, 5′-TTCAACTGAAG-CAACACACC-3′. The amplified fragment was cloned into the TA cloning vector. We then digested the 5′-half fragment with HindIII and BamHI, and inserted the I-SceI backbone vector, which was inserted into EGFP/SV40polyA (Clontech) at the HindIII/AflII sites in pBSKI2 vector (AMAGEN).
TRAP promoter-memEGFP (TRAP-memGFP)
cDNA encoding membrane-localized green fluorescent protein upstream of an SV40 polyadenylation signal was amplified in 2 parts (5′ half and 3′ half fragments) from pME-EGFPCAAX (Tol2kit) by using the following primers; F-SacII, 5′-CCGCGGCCACCATGGT-GAGCAAGGGCGAGGAG-3′, and R-NotI, 5′-GCGGCCGCTCAGGAGAG-CACACACTTGCAGC-3′, and subcloned it into the SacII/NotI site in the TRAP-GFP vector.
TRAP promoter-nucDsRed2 (TRAP-nucDsRed)
The above amplified fragments were cloned into the TA cloning vector. We then digested the 5′-half fragment with HindIII and SacII, and subcloned it into the HindIII/SacII site of the I-SceI backbone vector, which was inserted pDsRed2-Nuc (Clontech) at the HindIII/AflII sites in a pBSKI2 vector (AMAGEN) which contains I-SceI sites.
Staging and scaling of medaka larvae
We measured the total length of fish larvae as the millimeter (mm) unit. The graph of the total body length versus day post hatching (dph) is shown in Supplementary Fig. 1 .
Generation and utilization of transgenic lines
The above plasmids were digested with I-SceI (New England Biolabs), and the fragments (10-20 ng/μl) were injected into the cytoplasm of embryos at the 1-cell stage. The embryos showing a transiently strong expression of the exogenous gene were allowed to grow to adulthood. We then checked the EGFP or DsRed expression in the next generation, and picked an embryo having stable integration of the injected construct.
Fluorescence microscopic observation and time-lapse imaging
Larvae used for imaging were anesthetized by using 3-aminobenzoic aced ethyl ester, immersed in 1.0% low-melting temperature agarose (Sigma), and mounted on their lateral sides in glass dishes. Time-lapse analysis was carried out with an Olympus FV1000 confocal microscope equipped with a 20 × water (NA = 0.5) or 60 × water (NA = 0.9) objective for the 488-nm and 543-nm laser lines. The movie file was edited by FV10-ASW (ver.01.07) and FluoRender.
Bone staining
For in vivo staining of calcified bone, embryos at the desired developmental stage were grown in medium containing calcein (0.05%, Sigma) or Alizarin Complexone (0.025%, Wako).
Histological and histochemical methods
Embryos and adult fish were fixed overnight at 4°C in 4% paraformaldehyde (PFA) in phosphate-buffered saline pH 7.4 (PBS), dehydrated by ethanol, and embedded in resin (Technovit 8100, Kulzer Heraeus) according to the manufacturer's instructions. Sections were cut at 4 μm and stained with Harris's hematoxylin and Eosin Y or Masson trichrome staining buffer (SIGMA).
TRAP nad ALPase staining
For detecting histochemical localization of the enzymatic activity of TRAP, the Azodye method was performed on 5-8 μm Technovit 8100 sections according to the previous report (Nemoto et al., 2007) after slight modifications. Briefly, the sections were incubated in a mixture of 1.5 mM Naphthol AS-MX phosphate, 0.5 mM Fast Red Violet LB salt, and 50 mM L(+)-tartrate in 0.1 M acetate buffer (pH 5.2) for 10-30 min at 37°C.
For detection of sites of ALPase activity, Technovit sections were incubated in NBT-BCIP medium according to the manufacturer's instruction (Roche).
Whole-mount RNA in situ hybridization
Whole-mount RNA in-situ hybridization was performed with digoxigenin-UTP labeled RNA probes for CTSK and TRAP as previously described (Nemoto et al., 2007) . 
Immunostaining
For detection of caspase-3, immunohistochemistry was performed using frozen sections of CTSK-DsRed medaka larva. These sections were blocked in 0.5% BSA and 5% serum for 1 h at RT, and then incubated with anti-caspase-3 antibody (BD Pharmingen, cat#559565) at the dilution of 1/1000, for 15 h at 4°C. Goat polyclonal antibodies against rabbit Ig (Invitrogen A11034) at the dilution of 1/2000, was used as the secondary antibody.
Quantitative analysis
The CTSK-GFP positive area on zebrafish pan+/− (n = 6) and pan−/− (n = 6) at 23 dpf were measured by ImageJ 1.41o software. The area of neural and hemal canals in the zebrafish wild-type (n = 3) and the panther mutant (n = 3) at 11 months after birth were measured by ImageJ 1.41o software. To measure the standard size of canal against the size of vertebra, we calculated the size of neural canal (or hemal canal) divided by the size of vertebral body in each vertebra.
Phalloidin staining
For F-actin staining of skeletal muscles, embryos were fixed overnight at 4°C in 4% PFA in PBS, washed twice in PBS containing 0.1% tween for 10 min, and stained with rhodamin phalloidin (Invitrogen) overnight at 4°C. Larvae were embedded in agarose, and fluorescent images were acquired with the confocal microscopy (Olympus, FV1000).
Electron microscopy
Live 3D imaging of TRAP-memGFP/nucDsRed double transgenic line (approximately 8.0 mm total length) was performed by using a confocal microscope (Olympus, FV1000). After capturing the images, the medaka was fixed with a mixture of 3% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 3 days and thereafter embedded in epoxy resin (Epon 812, Taab, Berkshire, UK) without osmium post fixation. The medaka embedded in the Epon block was carefully examined under transmitted light to identify the specific area of osteoclasts revealed by 3D imaging, and serial ultrathin Epon sections of the target areas were then prepared with a diamond knife. Ultrathin sections were doubly stained with uranyl acetate and lead citrate solutions, and examined with the H-7100 transmission electron microscopy (TEM) (Hitachi, Tokyo, Japan) operated at an acceleration voltage of 75 kV.
Results
Generation of the osteoclast-specific transgenic medaka for viewing fluorescence in vivo
To perform the live imaging of osteoclasts in vivo, we generated a medaka transgenic line in which the fluorescent proteins were expressed under the control of the TRAP (tartrate-resistant acid phosphatase) promoter (TRAP-GFP, Fig. 1A-D) or cathepsin K promoter (CTSKDsRed and CTSK-GFP) (Fig. 1E, F and Fig. 4A, B) , with TRAP and CTSK being previously described markers for medaka osteoclasts as well as for mouse and human osteoclasts (Boyle et al., 2003; Nemoto et al., 2007) . DsRed expression patterns driven by the CTSK promoter were ubiquitously found in the head region (Fig. 1E) , whereas the TRAP promoter-driven expression was seen in specific tissues such as front teeth, pharyngeal teeth, and vertebrae (Fig. 1B, C, D) . In both neural and hemal arches, TRAP-GFP or CTSK-DsRed was specifically expressed along the bone that was labeled with Alizarin Complexone (ALC) or calcein, respectively (Fig. 1D, F) . Interestingly, osteoclasts were mainly localized on the inner sides of both neural and hemal arches, whereas only a few were found on the centrum part of the vertebral column (Fig. 1D, F) . The expression pattern of CTSK-DsRed in the neural and hemal arches labeled with calcein was similar to that in the TRAP-GFP transgenic line labeled with ALC.
To examine whether RNA expressions elicited by TRAP or CTSK promoter were consistent with GFP or DsRed signals in the neural and hemal arches, we performed whole-mount RNA in-situ hybridization. The results showed that the mRNA expression patterns of these transgenic lines recapitulated the fluorescent ones ( Fig. 2A-D) and allowed the in vivo morphology of osteoclasts to be observed for the first time in the medaka (Fig. 1) . Moreover, a double transgenic line harboring TRAP-GFP and CTSK-DsRed showed the expression of both markers in the same cells, as indicated by the yellow color in the merged image (Fig. 2E ). In addition, TRAP enzyme activity in the TRAP-GFP transgenic line was observed along the inner sides of both neural and hemal arches (Fig. 2F) , which activity overlapped with the fluorescence of the GFP-positive cells (Fig. 2G) . We performed the serial horizontal section of the inside of neural arches for detecting fluorescent images of TRAP-GFP (Fig. 2, H1 ) and for enzyme histochemistry (Fig. 2, H2) . Furthermore, the whole-mount RNA in-situ hybridization was carried out with TRAP anti-sense RNA (Fig. 2, H3 ) in a separated experiment. Then, the similar horizontal section was performed. All results showed that TRAP positive osteoclasts investigated are located specifically in the inside of neural arches. These data thus indicated that it would be possible to trace osteoclast migration in the transgenic medaka by observing the GFP or DsRed signal driven by the TRAP or CTSK promoter. Furthermore, these results indicated that TRAP-GFP-or CTSK-DsRed-positive mature osteoclasts are specifically localized on neural and hemal arches, and suggested that osteoclast differentiation from mononuclear TRAP-or CTSK-positive cells occurs around bone.
Long-term imaging of osteoclasts
To examine whether osteoclasts develop in the vertebrae in a medaka growth-dependent manner, we performed long-term imaging of osteoclasts in the axial region starting at 3 dph, when the medaka was approximately 5.0 mm in total length (Fig. 3A) . The imaging of individual osteoclasts on consecutive days revealed that the number of TRAP-GFP osteoclasts increased dramatically when fishes became between 5.6 and 6.5 mm in total length (Fig. 3A-C) . Furthermore, it is rather declined for osteoclasts to emerge preferentially at the anterior site. Focused on the each neural arch in the analysis of high magnified views, TRAP-GFP positive cells expanded their size and extended the cytoplasm along the arch in developmental stages of 5.9 mm, 6.1 mm and 6.5 mm in total length (Fig. 3B) . Interestingly, the timing of the first emergence of TRAP-GFP osteoclasts in neural arches, which emergence occurred in fishes having a total length of 4.6-5.0 mm, was correlated precisely with that in the hemal arches, as measured in vivo, indicating that osteoclast differentiation strongly is correlated with the growth of both neural and hemal arches ( Fig. 3C and Supplementary Fig. 1 ). In adult fish, TRAP-GFP signals continued to be expressed in both types of arches (data not shown), suggesting that bone modeling by osteoclasts and osteoblasts probably occurs throughout life.
Osteoclast differentiation by in vivo imaging
Next, to investigate the osteoclast behavior at the cellular level, we performed the high-resolution long-term imaging of the transgenic line by using a confocal microscope. In the early stage of osteoclastogenesis (approximately 5.9 mm total length), some CTSK-GFP-positive cells emerged at the top of a neural arch (Fig. 4, A1, A2) ; and after 7 h, GFP signals were increased in intensity in the same cells (Fig. 4, A3, A4 ). These expression patterns suggested that the osteoclast lineage cells tended to differentiate into multinucleated cells near the neural arch. In the later stage, the time-course observations of GFP-positive mature osteoclasts in the long-term imaging experiment, spanning 0-13 h, revealed that the osteoclasts on the bone surface became gradually fragile at 3, 7, 10 h, finally becoming apoptotic by 13 h (Fig. 4B ). In addition, we performed the immunostaining with anti-caspase-3 antibody against CTSK-DsRed medaka larvae, resulting that caspase-3 positive apoptotic cells were observed on the bone surface ( Supplementary Fig. 2 ). These results indicated that these transgenic lines led us possible to monitor the life cycle of an osteoclast by performing the long-term observation.
Furthermore, to examine the behavior of these mature osteoclasts on the bone, we performed the time-lapse imaging for 60 min. The movie showed that osteoclast tended to interact with the bone surface mediated by their filopodium-or lamellipodium-like structure (Fig. 4C , yellow arrowheads; and Supplementary Movie 1). During the last 50 min of the movie, the morphology of the bone surface side of TRAP-GFP positive cells gradually and significantly changed (Fig. 4C yellow* and Supplementary Movie 1), suggesting that the osteoclast had adapted their structure to recognize bone surface. These data showed that TRAP-or CTSK-positive osteoclasts appeared only along the bone, not existing in other places, suggesting that they differentiated near the bone surface. In addition, after osteoclast differentiation, multinucleated cells winding around the bony neural arch were seen, suggesting that fusion of mononuclear osteoclasts had occurred on the bone surface.
Osteoclast multinucleation by in vivo imaging
The results shown in Fig. 4 demonstrated the possibility of that medaka osteoclasts are multinucleated cells. To investigate the In the middle figure (13.5 min), one connection seems to increase the area of cell membrane (red arrowhead), while another connection seems to be retracted (white arrowhead). In the right figure (24.5 min), one connection seems to increase the area of cell membrane suggesting the formation of a syncytium through tight junction-like connection (red arrowhead). The images of this movie were captured by a confocal microscope (Supplementary Movie 4). Scale bars: 30 μm (A, B).
osteoclast multinucleation systematically during bone modeling, we generated double transgenic medaka expressing both membrane-GFP (memGFP) and nuclear-DsRed2 (nucDsRed) driven by the TRAP promoter. This transgenic line expressed GFP and DsRed in a pattern similar to the original TRAP-GFP transgenic line (Fig. 5A ). We could find many mononuclear precursor cells and some multinucleated cells accordingly with the developmental stage at the site of neural and hemal arches in the 5.6 mm total length larva (Fig. 5B) . To examine the pattern of cell morphology during osteoclast multinucleation, we performed z-stack imaging using confocal microscopy of posthatched medaka, when osteoclasts first appeared in the neural arch region. The double transgenic medaka (TRAP-memGFP/nucDsRed) contained 2 types of OCs: mononuclear cells and multinucleated cells (Fig. 6A) . In 3-D viewing different areas, we found the two mononuclear cells resided close to the neural arch and appeared to extend in the direction of its apex (Fig. 6A, 1 -nuc and Supplementary Movie 2). Moreover, the representative 3-D imaged multinucleated cell having 4 nuclei, which displayed numerous branched filopodiumlike structures, appeared to have attached to the bone surface (Fig. 6A, 4 -nuc and Supplementary Movie 3). The multinucleated cells tended to become localized at the posterior side of the neural arch.
To examine the fusion manner of osteoclast, we performed the timelapse imaging of osteoclasts in a larva (TRAP-memGFP/nucDsRed) approximately 8 mm in length, which is the stage displaying many osteoclasts that preferentially cause the cell fusion. Our result showed that osteoclast precursor cells were interacted each other (Fig. 6B and  Supplementary Movie 4) . Firstly, two cells were interacted each other with cell membrane to form tight junction-like connection (Fig. 6B, a,  b , 0 min). After 13.5 min, one connection seemed to increase the area of cell membrane (red arrowhead), while another connection seemed to be retracted (white arrowhead) (Fig. 6B, 13 .5 min). After that, one connection seemed to increase the area of cell membrane, suggesting the formation of a syncytium through tight junction-like connection (red arrowhead in Fig. 6B , 24.5 min). It supports a hypothesis that osteoclasts are interacted each other with cell membrane to form a syncytium through tight junction-like connection.
Transmission electron microscopic (TEM) analysis of osteoclasts in bone modeling
To further confirm that the osteoclasts in the neural arches are flatshaped multinucleated and examine their structure for bone resorption, we performed the TEM. The results revealed that osteoclasts located on neural arches were multinucleated and covered the neural arch with widespread cytoplasmic extensions (Fig. 7A) . These multinucleated osteoclasts had a clear zone-like structure enriched with actin-like filaments (Fig. 7B) , consistent with F-actin allocation in TRAP-GFPpositive cells observed by rhodamine-phalloidin staining (Supplementary Fig. 3) . Although in mammals, multinucleated osteoclasts normally have a ruffled border, interestingly, the medaka multinucleated cells on the neural arches did not have this specialized structure. We further investigated attachment of osteoclasts to the bone surface (Fig. 7C) . The high magnification data showed a widely spread clear zone-like cytoplasm of the osteoclast, which had wrapped itself around the bone. The section was near tangentially cut along the osteoclast-bone interface (Fig. 7D ). In addition, we detected the manner of bone resorption by osteoclasts, in which osteoclasts carry out internalization of bone matrix without ruffled border (Fig. 7E) . Moreover, the electron-dense layer along the interface between the osteoclast and bone matrix was absent in the matrix within a large vacuole (Fig. 7F) . Thus, these results suggest that a single flat-shaped multinucleated osteoclast may fit the length of the long bony surface of a neural arch for widespread bone resorption and that a ruffled border may not be required for continuous smooth resorption during bone modeling.
The neural and hemal arches during bone modeling
In medaka, although the vertebrae increase in size and change shape by enlarging the diameters of the neural and hemal canals during bone modeling, interestingly, the diameter of the notochord does not change throughout life ( Supplementary Fig. 4 ), suggesting that osteoclasts specifically act on the neural and hemal arches. To examine the area of osteoclast localization in the neural arch in lifetime, we examined the horizontal sections of a neural arch in the wild-type medaka. The results showed that TRAP-positive osteoclasts were always localized at the inner side of neural arches during the lifetime of fish (Supplementary Fig. 5) .
The zebrafish panther mutant shows defective bone modeling due to abnormal osteoclast development Next, to investigate the action of osteoclasts on organogenesis, we employed the zebrafish mutant panther, in which the zebrafish orthologue of mammalian c-fms is mutated, because c-fms is the receptor of M-CSF that is the essential growth factor of osteoclast progenitors, suggesting that osteoclasts in panther are lost. To examine absence of osteoclasts in the panther mutant, we established a zebrafish transgenic line expressing GFP by using the medaka CTSK promoter as an osteoclast-specific one. Such larvae showed GFP-positive osteoclasts in their neural and hemal arches at 18 dpf, and the expression patterns were very similar to those in the medaka transgenic line (data not shown). Then, we mated the panther mutant with this zebrafish transgenic line to establish the CTSK-GFP transgenic panther. Upon observation of GFP signals in the homozygous panther larvae, only very few GFP-positive cells were found in the neural and hemal arches compared with the greater number in the heterozygous zebrafish at 23 dpf (Fig. 8A, B) .
Next, to investigate the bone phenotype caused by dysfunction of osteoclasts in fish, we performed whole-mount Alizarin Red staining of bone in the adult wild-type and panther mutant at 11 months after birth. We examined 16 vertebrae that have hemal arches (shown in Fig. 8C *, black arrow), and they were divided into 16 pieces (Fig. 8D) . Although there was no difference in the external form except its total size in panther, interestingly in panther mutant, the diameters of the neural and hemal canals became narrower due to increased bone mass observed at the inner side of neural and hemal arch (Fig. 8E, F) . The quantitative analysis showed that compared with those for the wild-type, the areas of the neural and hemal canals were narrower (Fig. 8F, G) . These results indicated that the panther mutant exhibited impaired bone resorption by failure of osteoclast function at the specific inner site.
Moreover, we investigated the effects of failure of bone modeling on organ development by performing histological analysis of the panther mutant. Von Kossa staining of horizontal sections along the neural arch showed that the spinal cord penetrated into the neural canals in the panther mutant, like a stenosis (Fig. 9A) . Furthermore, in the analysis of the blood vessel formation, we found that, in panther, there was ectopic blood vessel in the ventral site of the vertebral body by bright field observation, which do not exist in wild-type model (Fig. 9B, C) . In the histological analysis on sagittal sections, in panther, although there was DA (dorsal aorta) under the notochord as the normal position, we could not detect CV (caudal vein) under DA (Fig. 9D , pan−/−), which is observed normally under DA in the wild-type (Fig. 9D, WT) . To investigate the blood vessel localization in detail, we performed cross sections and stained for detecting endogenous alkaline phosphates activity to reveal blood vessel morphology. The results showed that, in the wild-type, which is one DA and one CV under the notochord (Fig. 9E, F, WT, a) , but there was no main vessels in the ventral side (data not shown). In contrast, in panther, the results showed a single DA (Fig. 9F pan−/−, a) and a ectopic blood vessel in the ventral region (Fig. 9F pan−/−, b) , suggesting that the increased bone mass in the hemal arch prevented the passage of vessels through the hemal canal, leading to failure of normal blood vessel formation. Taken all results, the panther mutant displayed failure of bone modeling associated with a reduction in the number of osteoclasts in the early stage, and its inability to model bone, resulting in general skeletal deformities.
Discussion
This study resulted in 3 major findings. First, to understand in detail osteoclastogenesis in vivo, we used a high-resolution system for in vivo imaging of osteoclasts in transparent medaka fish larvae, and found initial differentiation into osteoclasts around the bone surface, which cells became multinucleated and finally died by apoptosis. Second, using osteoclast-specific transgenic medaka lines, we discovered a new type of osteoclast, i.e., the flat-shaped multinucleated cell, which was localized at the inside of neural and hemal arches. Finally, osteoclasts in our system were essential for proper development of neural and vascular systems associated with fish vertebrae, as evidenced by analysis of the panther mutant.
Although investigation of the behavior of osteoclasts in vivo is indispensable in bone research, such imaging in mammals is difficult due to the presence of hard tissues such as bone. Nevertheless, an intravital microscopic examination of mouse calvarial bone tissues was earlier performed (Ishii et al., 2009 ); however, it was questionable whether osteoclast maturation was observed in the skull at the single cell level. Furthermore, optical imaging by using a fluorescence reporter probe to visualize osteoclasts in mice based on cathepsin K activity was reported (Kozloff et al., 2009) , consistently with our result showing that cathepsin K signals were observed on bone surface. However, it is difficult to trace the cell movement and fusion of osteoclasts. On the other hand, our results indicated that functional osteoclasts were observed at high resolution and that these cells were essential for organogenesis. Especially, our time-lapse imaging data documented osteoclast activity during bone resorption. We have developed two osteoclast specific promoter lines, TRAP and cathepsin K (CSTK). CTSK in medaka is also expressed in the head mesenchyme and heart in the fluorescent signals of the CTSK transgenic line as well as the RNA signals from whole-mount CTSK in-situ hybridization, which is consistent with the data of zebrafish CTSK expressions in head mesenchyme and heart (ZFIN). Furthermore, the recent publication of mouse CTSK demonstrated its expressions in heart valve (Lange and Yutzey, 2006) , though TRAP is not expressed in the head mesenchyme and heart. Moreover, in mice, CTSK is highly expressed in skeletal tissues, which is described previously (Dodds et al., 1998) without presentation of in-situ hybridization data. Although CTSK is well recognized as a good marker of osteoclasts as well as TRAP is, CTSK is also expressed in other tissues. In our experiments, we focused to use CTSK as an osteoclast marker in the neural and hemal archs where CTSK is expressed only in osteoclasts, and we always demonstrated both expressions of CTSK and TRAP to confirm osteoclasts.
In particular, TRAP-memGFP and TRAP-nucDsRed double transgenic medaka line has a high potential to trace the cell fusion process. Our movie monitored in 8.0 mm larva in which the osteoclast number is increased, may indicate one representative of the osteoclast fusion manner to communicate each other for resorbing the bone of neural arch efficiently, though it is unknown that this manner is common in all developmental stages.
As to the second major finding, TEM revealed that the osteoclasts located at the neural arches became a flat-shaped multinucleated cell that covered the neural arch with widespread cytoplasmic extensions. To date, several studies have reported on different types of osteoclasts, the conclusion being that multinucleated osteoclasts cause deep resorption lacunae, whereas mononuclear osteoclasts perform smooth bone resorption (Parfitt, 1988) . In particular, it has been believed that smooth bone resorption in fish vertebrae occurs by the action of mononuclear cells (Witten and Huysseune, 2009 ). However, the multinucleated osteoclast presently found might be observed as a mononuclear cell according to the orientation of a section plane used for the histological analysis in the above-cited case; therefore, it was unclear that flat-shaped multinucleated osteoclasts exist in vivo. We observed the whole body of transgenic medaka by fluorescence microscopy and discovered for the first time a new type of osteoclast, i.e., a flat-shaped multinucleated cell lacking a ruffled border. Our data suggested that medaka osteoclasts perform smooth bone resorption more efficiently when they become flat-shaped multinucleated cells during bone modeling. Interestingly, we found the internalized bone matrix in the medaka osteoclast. It was reported that internalization of bone matrix is found in osteoclasts without a ruffled border in the c-src deficient mice (Miyata et al., 2007) . This result indicates that osteoclasts without a ruffled border appear to retain some bone resorbing activities. There are proton pumps in osteoclast cytomembrane. When the bone matrix is internalized and the proton pumps work at the inner side in vacuoles, the acidification takes place inside the osteoclast.
Regarding our third major finding, based on the analysis of the panther mutant, we discovered a new abnormal phenotype caused by the osteoclast dysfunction. Consistent with these results, in cfms-deficient mice, TRAP-positive osteoclasts are fewer in number in the bony trabecular regions compared with their number in littermate controls (Dai et al., 2002) . In the neural arch of fish, there is the meningeal layer, which is the protective membrane covering the spinal cord as in mammals, which suggests that the fish bone modeling system has a mechanism in common with that in mammals. The most impressive phenotype of panther is the abnormal formation of blood vessels, which shows a displacement of the axial veins toward a more ventral position. In teleosts, the caudal vein separately passes through the body ventral to the dorsal aorta in the early developmental stage (Isogai et al., 2001; Kunz, 2004) , and in further development, the dorsal aorta and the caudal vein pass through the hemal canal by the network of branching vessels formed via angiogenesis in the trunk region (Kunz, 2004; Nunn, 2008) . In the process of fish vessel development, it was reported that in zebrafish, separation of arterial cells and venous cells occurs early in development. Angioblasts migrate to the midline of embryo, where they coalesce to form the aorta and the cardinal vein beneath it. In 6 mm wild-type larvae, dorsal aorta is located beneath the notochord, while cardinal vein is located at the ventral side (Isogai et al., 2001) . In this stage, we could not detect the cathepsin K positive osteoclasts. In 7 mm larvae, a new vein vessel formation starts beneath dorsal aorta in hemal arches, and blood cells are step by step moving into the new vein vessel from the cardinal vein at the ventral side. In this stage, we detected the cathepsin K positive osteoclasts at neural and hemal arches. After that, the new vein vessel beneath aorta becomes the main vein vessel. In the panther mutant, this new vein vessel formation is severely disrupted during development. Our results of the abnormal vein formation are caused by the dysfunction of osteoclasts for the hemal arches but not by a developmental role in vasculogenesis. Furthermore, regarding the c-fms expression, we examined the expression pattern of c-fms in medaka. We performed the wholemount RNA in situ hybridization with c-fms anti-sense. The result showed that the c-fms mRNA was expressed specifically at neural and hemal arches. Furthermore, using c-fms transgenic medaka, we confirmed that c-fms and TRAP were co-localized in the some osteoclasts (Chatani et al., manuscript in preparation) .
In general, animal organs grow along with an increase in body size from birth to adult. Especially, the spinal cord and main blood vessels course through about 30 neural and hemal canals, respectively. As bone cannot grow interstitially, any change in the tube diameter of a mineralized skeletal element requires bone resorption. It is an important question as to how the spinal cord and blood vessels, which are of different origins, grow synchronously by some unknown mechanism and how the growth speed of each organ is controlled. The timing of the first emergence of osteoclasts in neural arches is correlated precisely with the emergence in hemal arches, indicating that osteoclast differentiation is strongly correlated with the growth of both neural and hemal arches, which supports the assumption of that the neural and hemal canals should expand in diameter during growth with the sequential support of osteoclasts. Interestingly, in the recent analysis in which we provided the osteoclast-specific transgenic medaka larvae with only a little food for some days, which amount was insufficient for body growth, almost all GFP signals of osteoclasts disappeared in the body by apoptosis (data not shown). In particular, we identified multinucleated osteoclasts in larvae. Although osteoclasts differentiate by fusion of mononuclear precursor cells, the actual mechanism by which mononuclear precursors accumulate at the specific site remains unclear (Vignery, 2000) . Our results suggested that mononuclear precursor cells gathered at a specific site, i.e., the narrow space between the neural arches and spinal cord or hemal arches and blood vessels, suggesting that some factors trigger the induction of osteoclast differentiation at this site.
In contrast, considering the bone deformities in mammals, it was reposted that, in TRAP knockout mice, increased mineralization occurred in the long bones of older animals, reflecting a mild osteopetrosis caused by reduced osteoclast modeling activity (Hayman and Cox, 2003) . Furthermore, in cathepsin K knockout mice, this mouse shows also osteopetrosis due to a defect in matrix degradation by osteoclasts (Gowen et al., 1999) . However, in these model mice, the defects of bone modeling are not clearly shown, because separation of bone modeling from bone remodeling is difficult. Concerning the bone modeling in mammals, in mouse calvarial bone, bone thickness is maintained by a balance of osteoclastic activity on the endocranial surface and osteoblastic activity mainly on the ectocranial surface, which is similar to formation of the neural arch (Rice et al., 1997) . In human, in the shaft, cross-sectional area and medullary area are 9% and 22% larger, respectively, in the old men, indicating an evidence of action of osteoclasts for bone modeling during aging (Marshall et al., 2006) .
We now have the opportunity to investigate the following aspects of osteoclastogenesis with this in vivo system: the origin of osteoclast progenitors, osteoclast fusion system, interaction between osteoclasts and osteoblasts, and cell polarity of osteoclasts. These studies are currently in progress to clarify these aspects.
Supplementary materials related to this article can be found doi:10.1016/j.ydbio.2011.09.013.
